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ABSTRACT

Purpose Poly(amidoamine) (PAMAM) dendrimers show great
promise for utilization as oral drug delivery vehicles. These poly-
mers are capable of traversing epithelial barriers, and have been
shown to translocate by both transcellular and paracellular routes.
While many proof-of-concept studies have shown that PAMAM
dendrimers improve intestinal transport, little information exists
on the mechanisms of paracellular transport, specifically
dendrimer-induced tight junction modulation.

Methods Using anionic G3.5 and cationic G4 PAMAM
dendrimers with known absorption enhancers, we investigated
tight junction modulation in Caco-2 monolayers by visualization
and mannitol permeability and compared dendrimer-mediated
tight junction modulation to that of established permeation en-
hancers. [' *C]-Mannitol permeability in the presence and absence
of phospholipase C-dependent signaling pathway inhibitors was
also examined and indicated that this pathway may mediate
dendrimer-induced changes in permeability.

Results Differences between G3.5 and G4 in tight junction
protein staining and permeability with inhibitors were evident,
suggesting divergent mechanisms were responsible for tight junc-
tion modulation. These dissimilarities are further intimated by the
intracellular calcium release caused by G4 but not G3.5. Based on
our results, it is apparent that the underlying mechanisms of
dendrimer permeability are complex, and the complexities are
likely a result of the density and sign of the surface charges of
PAMAM dendrimers.

Conclusions The results of this study will have implications on
the future use of PAMAM dendrimers for oral drug delivery.
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INTRODUCTION

Poly (amidoamine) (PAMAM) dendrimers have been exten-
sively investigated as potential drug delivery vehicles because
they possess unique properties when compared to traditional
polymers. Many of these properties result from the controlled
synthesis of dendrimers leading to well-defined sizes, near
monodispersity, and a controllable number of surface groups
(1). The surface groups can be conjugated to drugs, imaging
agents, and targeting moieties to create multifunctional
nanocarriers (2,3). In addition to intravenous administration,
several reports have suggested that PAMAM dendrimers can
cross CGaco-2 monolayers, a model of the intestinal epithelium
(4=7). Conjugation or complexation of drugs with poor bio-
availability to PAMAM dendrimers has successfully improved
the permeability of these drugs i vitro (8—11); thus, PAMAM
dendrimers show potential for oral drug delivery, which has
many benefits over intravenous administration including a
more flexible dosing regimen, increased convenience, better
patient compliance, and lowered costs (12).

Mechanistically, dendrimers are transported across the
epithelial barrier by both transcellular and paracellular path-
ways. We have previously shown that transport is energy
dependent and reduced in the presence of both clathrin-
and caveolin-mediated endocytosis inhibitors (13,14).
Additionally, we showed that PAMAM dendrimers colocalize
with markers for clathrin, early endosomes, and lysosomes,
further establishing the mechanisms of dendrimer internaliza-
tion and transcytosis (13,15). Dendrimers have also been
shown to alter tight junction immunofluorescence and cause
transient decreases in transepithelial electrical resistance
(TEER) leading to suspected paracellular transport (7,13,16).
While mechanisms of internalization are well established,
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the mechanisms leading to tight junction modulation are
largely unknown.

To elucidate possible mechanisms of tight junction modu-
lation by dendrimers we can contrast their effects to the
established permeation enhancers sodium caprate (G10) and
ethylene glycol tetraacetic acid (EGTA), each with distinct
mechanisms. C10 is a medium-chain fatty acid capable of
increasing permeability through the phospholipase C (PLC)-
dependent signaling pathway (17-19). In this pathway, phos-
phatidyl inositol (4,5)-bisphosphate (PIPy) is cleaved by PLC
into inositol 1,4,5-triphosphate (IP5) and diacylglycerol (DAG)
(20,21). IP5 then causes calcium release from the endoplasmic
reticulum, and the resulting increase in intracellular calcium
activates protein kinase G (PKC) and calcium/calmodulin
protein kinase II (CaMPKII) (22,23). Once activated, the
protein kinases alter the activity of myosin light chain kinase
(MLCK) leading to the phosphorylation of myosin light chain
(MLC) (24). Incubation in calcium-free solutions with EGTA,
a calcium chelator, also leads to increased MLCK activity
(25). Changes in phosphorylation result in contraction of the
perjunctional actomyosin ring and alteration of tight junction
permeability (26).

For this study, we investigated the impact of both cationic
and anionic PAMAM dendrimers on tight junctional assem-
bly and function as well as the transport of the small
paracellular permeability marker mannitol in fully differenti-
ated Caco-2 monolayers. Additionally, a panel of inhibitors of
the PLC-dependent signaling pathway was utilized in con-
junction with calcium and MLC imaging to determine if
dendrimers directly impact the pathway resulting in tight
junction modulation. The results of this work will enhance
the knowledge required for selecting dendrimers with appro-
priate charge and size for enhancing oral drug delivery.

MATERIALS AND METHODS
Materials

G3.5 and G4 PAMAM dendrimers, C10, EGTA, ML7,
U73122, W7, and dynasore were purchased from Sigma
Aldrich (St. Louis, MO). KN62, BAPTA-AM, and
dioctanoylglycerol (diC8) were purchased from EMD
Millipore (Billerica, MA). All cell culture supplies and anti-
bodies were obtained from Life Technologies (Grand Island,
NY) unless otherwise noted.

Cell Culture
The human colorectal adenocarcinoma cell line Caco-2 was
obtained from the American Type Culture Collection

(Manassas, VA). Cells (passages 20—40) were grown at 37°C
with 5% COg and 95% relative humidity. Cells were cultured
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in Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 10% fetal bovine serum, 1% non-essential amino
acids, 100 U/mL penicillin, and 10,000 pg/mL streptomycin.
Media was changed every other day, and cells were passaged
at 80-90% confluency using 0.25% trypsin/ethylene diamine
tetraacetic acid (EDTA). For experiments, cells were seeded at
80,000 cells/well in 12-well polycarbonate Corning Transwell
inserts with a 0.4 pm mean pore size (Corning, NY) and used
after 21-28 days of growth. TEER was measured using a
voltohmmeter (World Precision Instruments, Sarasota, FL)
to assure proper monolayer formation, and monolayers with
TEER>500 Q-cm? were used for experiments.

Tight Junction Immunofluorescence

Caco-2 monolayers were treated with Hank’s balanced salt
solution (HBSS) buffered with 10 mM 4-(2-Hydroxyethyl)
piperazine-1-cthanesulfonic acid (HEPES), 0.01 or 0.1 mM
G3.5, or 0.01 mM G4, since we have previously shown these
concentrations to be non-cytotoxic (7,14). C10 and EGTA
were also used at charge equivalent concentrations (0.64 mM
and 0.16 mM, respectively) for comparison. Monolayers were
treated for 2 h (30 min for EGTA). After treatment, the
monolayers were washed twice in ice-cold HBSS, fixed for
30 min at 4°C with ethanol, and permeabilized with either
0.2% v/v Triton X-100 for 20 min at room temperature
(actin, claudin-1, and ZO-1) or acetone for 1 min at —20°C
(occludin). After blocking for 30 min at room temperature in
3% w/v bovine serum albumin (BSA) in Dulbecco’s phos-
phate buffered saline (DPBS), monolayers were incubated with
cither rabbit anti-claudin-1 (8 pg/mL), rabbit anti-ZO-1
(2.5 pg/mL), or mouse anti-occludin (3 pg/mL) overnight at
4°C.. The next morning, cells were washed with BSA solution
and blocked for 30 min at room temperature. Alexa Fluor 568
goat anti-rabbit or anti-mouse IgG (1:400) was added to the
monolayers for 1 h at room temperature. Monolayers stained
for actin were incubated with rhodamine phalloidin for 20 min
at room temperature. Once staining was complete, cells were
washed with DPBS, and membranes were excised from the
insert support. Membranes were mounted on glass slides with
ProLong® Gold mounting medium containing DAPIL. After
curing at room temperature for 24 h, slides were sealed with
clear nail polish and stored at 4°C until visualization.

Images were acquired using a Nikon Al laser scanning
confocal microscope. DAPI and AF568 were excited with
404 nm and 561 nm lasers, respectively, and 450/50 and
595750 filter blocks were used for detection. Four z-stacks
were acquired for each monolayer using the following param-
eters: Plan apo VC 60x oil objective, 33.33 uM pinhole,
4.6 ps pixel dwell, 2x line average, 2X optical zoom,
0.5 uM z-step size, and 512X512 image size. Images were
then processed in Volocity 3D Image Analysis software v6.3
(PerkinElmer, Waltham, MA). Red voxels, corresponding to
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tight junction staining, were quantified by thresholding the
signal intensity between 20% and 100%. The number of red
voxels for each treatment is compared to the HBSS control,
and results are reported as the percentage increase in red
voxels + standard deviation (S.D.). Statistical significance
was determined by using one-way analysis of variance
(ANOVA) with Dunnett’s test for multiple comparisons.

Tight Junction Protein Expression

Western blotting was used to measure claudin-1, occludin,
and ZO-1 expression in Caco-2 monolayers after treatment
for 1 or 2 h with 0.01 mM G4 and 0.01 mM, 0.1 mM, or
1 mM G3.5. After dendrimer treatment cells were washed
twice with ice-cold HBSS buffer and lysed in RIPA buffer
(50 mM Tris pH 8.0, 150 mM NaCl, 1.0% NP-40, 0.5%
sodium deoxycholate, 0.1% SDS, 5 mM EDTA, | mM
EGTA, 1 mM PMSF, protease inhibitor cocktail [Roche
Applied Sciences, Indianapolis, IN]) for 30 min with gentle
shaking at 4°C. Lysates were transferred to microcentrifuge
tubes and cell debris was pelleted by centrifugation at 4°C
for 2 min at 10,000Xg. Total protein content of the
supernatant was quantified by Bradford assay. Samples
were prepared in Laemmli buffer (4% SDS, 20% glycerol,
10% 2-mercaptoethanol, 0.004% bromophenol blue, and
125 mM Tris HCI) to be 2 mg/mL total protein, and boiled
for 5 min prior to separation by SDS-PAGE. Protein was
loaded at 20 g per well and separated using a 4—15% Tris—
HCI gel (Bio-Rad, Hercules, CA) followed by overnight trans-
fer to an Immobilon-FL. membrane (EMD Millipore). After
transfer, the membrane was blocked with 2% non-fat dry milk
in Tris-buffered saline (TBS) for 1 h at 4°C. Membranes were
then rinsed with TBS and incubated at 4°C overnight with
primary antibody (1 pg/mL rabbit anti-claudin-1, 3 pg/mL
rabbit anti-occludin, 3 pg/mL rabbit anti-ZO-1, 1 pg/mL
mouse anti-calnexin) in TBS with 0.1% Tween-20 (TBST).
Membranes were washed four times for 5 min each with
TBST prior to incubation with secondary antibody
(1:10,000 goat anti-rabbit IgG Dylight 800 and goat anti-
mouse IgG Dylight 680 [KPL, Gaithersburg, MD]) in
TBST for 45 min at room temperature. After incubation,
the membrane was washed twice with TBST, followed by
two TBS washes. Blots were imaged using an Odyssey infra-
red imaging system (Licor, Lincoln, NE), and densitometry
analyses were performed using the Licor Image Studio
software.

Dendrimer-Induced ['*C]-Mannitol Permeability

Transepithelial transport of ['*C]-mannitol was monitored in
the apical to basolateral direction in differentiated Caco-2
monolayers in the presence or absence of 0.01 mM or
0.1 mM G3.5, 0.01 mM G4, 0.64 mM C10, or 0.16 mM

EGTA. Cells were washed with HBSS supplemented with
10 mM HEPES, followed by treatment with dendrimers or
permeation enhancers. Samples were taken at 1 and 2 h
during treatment, and 1 and 2 h after treatment removal (3
and 4 h, respectively) from both the apical and basolateral
compartments. At each time point, inserts were transferred to
new wells containing fresh HBSS. Transport was quantified
by scintillation counting. Mannitol permeability was mea-
sured again for 2 h without dendrimers 24 h after the initial
treatment to monitor recovery.

Inhibition of Dendrimer-Mediated Tight Junction
Modulation

Dendrimer-induced mannitol transport was again monitored
in the apical to basolateral direction in differentiated Caco-2
monolayers with or without PLC signaling pathway inhibitors.
['*C]-mannitol permeability induced by either 1 mM G3.5 or
0.05 mM G4 was monitored in the presence of 10 uM
U73122, 10 uM BAPTA-AM, 500 uM diC8, 40 uM W7,
10 pM KN62, 50 uM ML7, or 80 uM dynasore. Cells were
pretreated with the inhibitors for 20 min at 37°C prior to the
experiment. Samples were taken after a 2-h co-treatment of
inhibitors and dendrimers. Mannitol permeability was also
monitored with the inhibitors alone or with C10 as a positive
control to insure the inhibitors did not interfere with marker
permeability and were effective. Cytotoxicity studies were also
performed using the WST-1 assay to ensure the inhibitors
were nontoxic at the concentrations used. Permeability was
determined by scintillation counting, and permeability in the
presence of inhibitors was compared to standard dendrimer
treatment controls. Results were analyzed using ANOVA with
Dunnett’s test for multiple comparisons.

Intracellular Calcium Release

Caco-2 cells were seeded onto collagen-coated chambered
cover glass slides and grown for 21 days to form monolayers.
Prior to treatment, cells were washed twice with HBSS buffer
and incubated for 1 h at 37°C with dye loading buffer (2 pM
Fluo-4 AM, 2.5 mM probenecid, and 20 mM HEPES in
HBSS). After dye loading, cells were washed twice with wash
solution (2.5 mM probenecid and 20 mM HEPES in HBSS)
and then incubated at room temperature with either wash
solution or wash solution containing 10 pM U73122 for
30 min. Dendrimer (0.01 mM G4; 0.01 mM, 0.1 mM,
1 mM G3.5) or calcium ionophore A23187 (2 pM) was added
to cells during imaging. Live cells were imaged using a Nikon
Al confocal microscope fitted with an Okolab (Ottaviano,
NA, Italy) Top Stage Incubator to maintain temperature
and air/COy ratio. Images were acquired using a 488 nm
argon laser and a 525750 filter with a 20X objective every 3 s
for 10 min with a pixel dwell of 1 frame/s, a 22.8 uM pinhole,
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and a 512X 512 image size. The Nikon Perfect Focus System
was used to compensate for focus drift. Fluorescence intensi-
ties for each time point were normalized to the baseline
intensity obtained for each well before treatment addition
and plotted versus time for comparison between treatments.

Phospho-Myosin Light Chain Immunofluorescence

Caco-2 monolayers were treated with either HBSS, 0.01 mM
G4,0.01 mM G3.5,0or 0.1 mM G3.5for 2 h or ] mM EGTA
for 15 min. After treatment, the monolayers were washed
twice in ice-cold HBSS, fixed for 20 min at room temperature
with 4% paraformaldehyde/4% sucrose in DPBS, washed
twice with 25 mM glycine in DPBS, washed once with
DBPS, and permeabilized with 0.2% v/v Triton X-100 for
20 min at room temperature. After rinsing three times with
DBPS, cells were blocked for 30 min at room temperature in
3% BSA in DPBS. Monolayers were then incubated with 1:50
rabbit anti-phospho-myosin light chain 2 (Ser19) (Cell
Signaling, Danvers, MA) overnight at 4°C. The next morning,
cells were washed with the BSA solution and blocked for
30 min at room temperature. Alexa Fluor 488 goat anti-
rabbit (1:500) was added to the monolayers for 1 h at room
temperature. After washing three times with DBPS, mono-
layers were stained with rhodamine phalloidin (1:40) for
20 min at room temperature. Once staining was complete,
cells were washed with DPBS, and membranes were excised
from the insert support. Membranes were mounted on glass
slides with ProLong Gold mounting medium containing
DAPI. After curing at room temperature for 24 h, slides were
sealed with clear nail polish and stored at 4°C until
visualization.

Images were acquired similarly as described above for tight
junction immunofluorescence. DAPI, AF488, and rhodamine
were excited with 404 nm, 488 nm, and 561 nm lasers,
respectively, and 450750, 525/50 and 595/50 filter blocks
were used for detection. Four z-stacks were acquired for each
monolayer using the following parameters: Plan apo VC 60X
oil objective, 33.33 uM pinhole, 4.6 us pixel dwell, 2% line
average, 3.5X optical zoom, 0.5 uM z-step size, and 512 %512
image size.

RESULTS
Dendrimer-Induced Tight Junction Modulation

While the effect on actin and occludin staining in Caco-2
monolayers has been previously investigated for PAMAM
dendrimers (7,13), we aimed to establish a comprehensive
representation of tight junctional assembly by complementing
these data with claudin-1 and ZO-1 staining; therefore, we
assessed all four tight junction proteins upon treatment with
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dendrimers or absorption enhancers and compared the im-
munofluorescence to untreated cells (Fig. 1). For G4, no
difference in staining occurred for actin, claudin-1, or
occludin compared to the control; however, a slight increase
was seen for ZO-1 staining indicating that tight junction
modulation may have occurred. G3.5 also caused minimal
differences in staining compared to control, with actin staining
slightly decreased. In contrast, the higher concentration of
G3.5 significantly increased staining of all proteins investigat-
ed. This effect has previously been associated with tight
junction opening (7,13,16). For comparison, EGTA sig-
nificantly increased staining and caused obvious retrac-
tion and redistribution of the tight junction proteins
whereas C10 displayed no effect on the tight junctions at the
concentration used.

To determine if the changes in tight junction staining with
the dendrimers was caused by changes in protein expression,
we used western blotting to quantify the proteins. Figure 2
shows the total expression of ZO-1, occludin, and claudin-1
during the same time frame in which the immunofluorescence
study was conducted. Upon quantification and normalization
to the calnexin loading control, no changes in protein expres-
sion were seen (data not shown). These results suggested that
the increase in tight junction staining after dendrimer treat-
ment was indeed a result of tight junction modulation and not
changes in protein expression.

Since increased tight junction staining has been associated
with tight junction opening and increased paracellular per-
meability (7), we examined mannitol transport in the presence
of the dendrimers and absorption enhancers. Mannitol trans-
port is a well-established method for monitoring changes in
monolayer permeability (27). We measured ['*C]-mannitol
permeability at 1 and 2 h during dendrimer and absorption
enhancer treatment, removed the treatment, and continued to
measure permeability for an additional 2 h (Fig. 3). At the
concentrations used, neither G3.5 nor C10 increased manni-
tol permeability. For G4, an increase in permeability occurred
gradually over the first 2 h, and the increased permeability
continued for an hour after the dendrimer was removed
before recovery began. EGTA displayed the largest increase
in mannitol permeability, and, unlike G4, recovery began as
soon as the EGTA was removed and calcium was
reintroduced to the monolayers. After the initial treatments,
the monolayers were maintained in cell culture medium for
24 h. Mannitol permeability was repeated after the monolayer
recovery period, and the G4- and EGTA-induced permeabil-
ity increase was shown to be completely reversible.

Inhibition of Dendrimer-Mediated Tight Junction
Modulation

Because G3.5 and G4 displayed divergent results in tight
junction staining and mannitol permeability, we aimed to
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Fig. I Actin, claudin-1, occludin, and ZO-| immunofluorescence in differentiated Caco-2 monolayers. Protein staining was visualized after a 2-h treatment
(30 min for EGTA) with HBSS (@), 0.0l mM G4 (b), 0.01 mM G3.5 (c), 0.1 mM G3.5 (d), 0.16 mM EGTA (e), or 0.64 mM CI10 (f). Quantification of tight
junction staining is overlaid. Results are reported as the percentage of red voxels per region as compared to the untreated control = standard deviation (5.D.)
(n=3).*,** and *** denote a statistically significant increase in voxel count relative to the HBSS control with p <0.05, p <0.01, and p <0.001, respectively. Scale
bar=10 uM.
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Fig. 3 Apparent permeability of ['4C]—mannitol during and immediately
following treatment of Caco-2 monolayers with dendrimers or absorption
enhancers. Mean = S.D. (n=3).

the activity of the dendrimers. For the IP5 pathway inhibitors,
varying results were seen. W7, a calcium/calmodulin antago-
nist (29), did not have an effect on dendrimer-induced perme-
ability. The CaMPKII inhibitor KN62 (30) significantly de-
creased dendrimer-induced permeability for G3.5 but not G4.
For ML7, a MLLCK inhibitor that prevents the phosphoryla-
tion of MLC: (31), the dendrimers exhibited different effects;
G3.5 had no change in [ *C]-mannitol permeability while G4
imparted a significant permeability increase. The apparent
increase in G4-induced permeability was not, however, a
result of tight junction opening but of synergistic toxicity that
occurred when ML7 and G4 were co-administered. Inclusion
of the DAG analog diC8 (32) had no effect on dendrimer
permeability. Taken together, these results shown in Fig. 5
suggest that dendrimer-induced tight junction modulation is
not entirely mediated through PLC-dependent mechanisms.
The endocytosis inhibitor dynasore, which inhibits dynamin 1
and dynamin 2 GTPases responsible for vesicle scission (33),
was also included in the study because previous research
demonstrated the importance of endocytosis for G3.5-medi-
ated tight junction modulation (13). As expected, a significant

Fig. 4 PLC-dependent signaling a
pathway regulating changes in tight
junction permeability (a), and
investigated sites of inhibition (b).
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decrease in G3.5-induced mannitol permeability occurred,
however, dynasore had no influence on G4-induced perme-
ability. Therefore, surface charge impacts the tight junction
modulating ability of PAMAM dendrimers, and endocytosis
plays an important role in tight junction modulation for
anionic but not cationic dendrimers.

Intracellular Calcium Release During Dendrimer
Treatment

To further investigate the role of calcium in dendrimer-
induced tight junction modulation, the calcium sensitive
fluorophore Fluo-4 AM was used to monitor calcium release
upon dendrimer treatment. Addition of G3.5 up to 1 mM had
no ecffect on intracellular calcium (Fig. 6a). G4, however,
caused an immediate release of calcium and increase in fluo-
rescence intensity. Figure 6b shows an initial calcium release
followed by a period of calcium puffs. The response continued
during the timeframe of cell imaging (10 min). To determine if
the calcium release was associated with the PLC pathway,
U73122 was used to inhibit the pathway. After incubation
with this inhibitor, G4-induced calcium release was eliminat-
ed, indicating that the initial response was associated with the
PLC pathway. The calcium ionophore A23187 was used as a
positive control, and the effect of the ionophore was not
altered by U73122 treatment.

Myosin Light Chain Phosphorylation

MLC plays an important role in tight junction modulation,
and phosphorylation of MLC leads to the contraction of
the perijunctional actomyosin ring (26). Since the
MLCK inhibitor ML7 displayed varying results between
G3.5 and G4, we aimed to further explore the potential
role of MLC in dendrimer-induced tight junction chang-
es by examining immunofluorescence of phospho-MLC.
Neither G3.5 nor G4 showed any increase in phospho-MLC
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Fig. 5 Percent of apparent permeability of ['*C]-mannitol compared to
uninhibited control for G3.5 (white bars) or G4 (black bars) treatment in
Caco-2 monolayers. Mean = S.D. (n=6). * and *** denote a statistically
significant change in P,,, compared to no inhibitor with p<0.05 and
p<0.001, respectively.

compared to the untreated control (Fig. 7), indicating that
MLC phosphorylation was not likely responsible for
dendrimer-induced tight junction modulation. EGTA was
used as a positive control and displayed a significant increase
in MLC phosphorylation.
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Fig. 6 Relative Fluo-4 fluorescence intensity upon dendrimer and control
treatment (@), and time lapsed images during G4 treatment (b). Images were
obtained every 3 s for 10 min, and the fluorescence intensity was normalized
to the untreated control. Scale bar=21 um.

DISCUSSION

Previous studies have shown that PAMAM dendrimers hold
promise as oral drug delivery vehicles for poorly bioavailable
drugs as evidenced by the ability of dendrimer-drug conju-
gates to traverse the gut epithelium (8—11). Dendrimer-
induced tight junction modulation has been the speculative
cause of increased permeability to this point, and both anionic
and cationic PAMAM dendrimers are thought to be capable
of modulating tight junctions (6). In this work we have eluci-
dated potential mechanisms for PAMAM dendrimer-
mediated tight junction modulation. For our studies, we fo-
cused on comparing dendrimers of similar size with opposite
surface charge. We also compared these dendrimers to known
absorption enhancers to ascertain that PAMAM dendrimers
act as potent tight junction modulators. The medium-chain
fatty acid C10 and the calcium chelator EGTA were used
because both have well established tight junction modulation
mechanisms (17,25).

We compared tight junction protein staining and mannitol
transport in Caco-2 monolayers treated with either
dendrimers or permeation enhancers. Charge equivalent con-
centrations were chosen for comparison because the
dendrimers’ transport properties are largely imparted by their
relative charge density. By visualizing tight junction proteins,
we recorded the direct effect dendrimers had on supramolec-
ular junctional assembly. For G4, only ZO-1 displayed in-
creased staining. G3.5 showed decreased actin staining for the
lower concentration but significant staining for all tight junc-
tion proteins at the higher (non-cytotoxic) concentration tested
in this study, suggesting tight junction modulation. Tight
junction visualization, however, was contradictory to the man-
nitol permeability results in which G4 but not G3.5 allowed
for increased transport. Increased tight junction staining has
been assumed to indicate enhanced tight junction protein
accessibility and opening (7,13,16). Our results indicated that
the increased fluorescence did not correlate with the ability to
allow for small molecule paracellular transport and suggested
that this method was not an appropriate indicator of tight
junction opening. In fact, the observed increase in immuno-
fluorescence was more likely a result of tight junction protein
redistribution rather than tight junction opening. Increased
Z.0-1 staining in the case of G4 may be indicative of recruit-
ment of the protein to the tight junctions. ZO-1 serves several
roles within the cell in addition to supporting the tight junction
scaffolding (34,35), and recruitment of ZO-1 to the tight
junctions may allow for tight junction opening induced by
G4 treatment (36,37). The decrease in actin staining for
0.01 mM G3.5 may be a result of dendrimer-induced depo-
lymerization of the actin before restructuring of the tight
junctions. At the higher concentration, the G3.5-induced
restructuring occurred quicker, and the result was an in-
creased amount of tight junction proteins at the cell—cell
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0.1 mM G3.5

0.01 mM G4

| mMPEGTAE 4

.

Fig. 7 Phospho-MLC immunofluorescence in Caco-2 monolayers. Staining was visualized after a 2-h treatment with HBSS, 0.01 mM G4, 0.01 mM G3.5,
0.1 mM G3.5, or | mM EGTA (30 min treatment). Green = phospho-MLC, red = actin. Scale bar=5.9 uM.

interface at the time of staining. Similar results were seen for
capsaicin, which opened tight junctions through mechanisms
independent of MLCK (38).

To further delineate the mechanism behind dendrimer-
mediated tight junction modulation, we used a panel of inhib-
itors and modulators of the PLC-dependent signaling path-
way. Of the compounds used, only KN62 and ML7 affected
dendrimer-induced mannitol transport. For G3.5, KN62 de-
creased transport. KN62 1s a CaMPKII inhibitor that blocks
the phosphorylation of MLCK by interacting with the
calmodulin-binding site of CaMPKII (30). G4-induced trans-
port increased with co-incubation of ML7. The increase in
transport caused by inhibiting MLC phosphorylation was not
the result of dendrimer-induced tight junction opening but of
increased cell death that occurred. Individually, neither ML7
nor G4 were cytotoxic at the concentrations used; however,
when combined a significant decrease in cell viability oc-
curred. Because MLC is responsible for shuttling proteins to
their cellular destinations (39), using ML7 may result in chang-
es to the normal milieu of cell membrane components making
the membrane more susceptible to the large positive charge of
the cationic dendrimer which is known to interact with cells
electrostatically (40). MLC is also responsible for membrane
turnover to recover cell volume after osmotic stress, which the
cell would not be able to overcome when ML7 is present (41).
More studies are required to determine the cause of the
synergistic toxicity induced by G4 and ML7.

In addition to PLC pathway inhibitors, dynasore was used
to determine the effect of endocytosis on dendrimer-mediated
tight junction modulation. Previous work showed that inter-
nalization of G3.5 was necessary for increased tight junction
staining (13). In our study, dynasore treatment significantly
decreased G3.5-induced mannitol transport, further
supporting the requirement of internalization prior to tight
junction modulation. G4-induced mannitol transport, howev-
er, was not affected by dynasore; therefore, dynamin-
mediated endocytosis was not required for tight junction
modulation. Cationic dendrimers may still internalize through
other mechanisms such as macropinocytosis (42); thus, inter-
nal interactions leading to tight junction modulation cannot
be ruled out.

@ Springer

Our observation that KN62 decreased G3.5-induced man-
nitol transport combined with previous reports hypothesizing
that PAMAM dendrimers may behave like calcium chelators
to open tight junctions (6,7) prompted us to investigate intra-
cellular calcium release and MLC phosphorylation. Up to
1 mM G3.5 had no effect on intracellular calcium; however,
G4 caused immediate calcium release (Fig. 6). After the initial
release, calcium pufls continued for up to 10 min. In compar-
1son, the calcium ionophore A23187 caused a sustained in-
crease in calcium release (Fig. 6). Preincubation with U73122
eliminated G4-induced calcium release but not calcium re-
lease resulting from ionophore treatment, suggesting that G4
calcium modulation was associated with the PLC-dependent
signaling pathway. Although this result appears contradictory
to inhibition studies in which neither U73122 nor BAPTA
affected G4-induced mannitol transport (Fig. 5), it should be
noted that mannitol transport was investigated after a 2-h
incubation whereas calcium release was visualized instanta-
neously. Future studies with shorter incubation periods and
higher BAPTA concentrations to buffer the effect of G4-
stimulated calcium release may be required to possibly dem-
onstrate a potential association with the PLC pathway. We
further investigated MLC phosphorylation to determine
whether PAMAM dendrimers modulate tight junctions
through alterations in MLC activity similar to EGTA; how-
ever, neither G3.5 nor G4 elicited any effect on MLC phos-
phorylation (Fig. 7).

Our results demonstrate that significant differences exist
between anionic and cationic dendrimers’ ability to modulate
tight junctions. Anionic dendrimers show little effect on tight
junctions or the pathway(s) associated with their regulated
opening and closing; however, cationic dendrimers open tight
junctions for small molecule transport by releasing intracellu-
lar calcium stores and increasing calcium signaling. The high
uptake and transport properties previously seen for G3.5 (6)
were likely due to the efficient endocytosis mechanisms by
which the dendrimer is internalized (13) and not a result of
paracellular transport of the dendrimer itself. G4 is more likely
to be transported both by transcellular and paracellular
mechanisms because of the effect on calcium signaling and
nonspecific cell membrane association. Additional studies are
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warranted to further explore the molecular mechanisms
behind the observed G4-mediated epithelial permeation
enhancement.

CONCLUSION

In this work we reported a possible mechanism of paracellular
transport and tight junction modulation by PAMAM
dendrimers in differentiated Caco-2 monolayers. We found
that despite previous reports (4,6,7,16), G3.5 did not open
tight junctions, whereas G4 modulated tight junctions to allow
for paracellular transport of mannitol. The mechanism by
which G4 modulates tight junctions was in part associated
with the PLC-dependent signaling pathway; however, the
charge density of the dendrimer likely allows for additional
intracellular interactions that have yet to be unraveled. To
fully harness the potential of dendrimers as oral drug delivery
vehicles we must first understand the underlying mechanisms
of dendrimer transport properties. The current study provides
new insights in dendrimer-mediated tight junction modula-
tion and may aid in the selection of dendrimers with tailored
properties amenable to drug-specific oral delivery.
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